Abstract -A straightforward experimental approach was carried out to study the adaptation responses of a typical floating-leaved aquatic plant Nymphoides peltata to changes in water availability. N. peltata grown in terrestrial habitat was approximately 88.77% lower in total biomass, 62.75% higher in root biomass allocation, 80.9% higher in root-shoot ratio, and 54.5% longer in leaf longevity compared with N. peltata grown in aquatic habitats. Anatomical analyses suggest that aquatic-grown N. peltata exhibits a well-developed lacunal system in leaf, petiole, and coarse root. Moreover, aquatic-grown N. peltata had approximately a higher in lacunal system in leaf, petiole, and coarse root by 28.57%, 56.41% and 82.35%, respectively, than those of terrestrial-grown N. peltata. These results indicated that N. peltata was well adapted to the terrestrial habitat because of its biomass allocation, morphological, and anatomical strategies that depended on the increase in root biomass allocation and leaf longevity, as well as the decrease in the lacunal system volume in leaf, petiole, and coarse root. This indicates that N. peltata can develop multiple morphological and anatomical strategies, an integrated approach to enhance survival in dynamic and unpredictable environments.
Introduction
In the natural environment, organisms must cope with change or heterogeneity both within and between generations (Cook and Johnson, 1968; Hourdin et al., 2006) . Adaptive plasticity to temporal environmental variations is common and may be important for adaptation to varying environments (Schlichting and Pigliucci, 1995; Bazzaz, 1996; Yamamoto and Tsukada, 2010) . In many wetland and floodplain ecosystems, periodic flooding and drought occurrences play an important role in the composition, and productivity of species (Li et al., 2004; Leira and Cantonati, 2008) . Wetland plants possess various characteristics in order to survive and function in fluctuating and frequently adverse conditions of wetland ecosystems (e.g., Shangguan et al., 2000; Sultan, 2001; Li et al., 2004; Mommer et al., 2005 Mommer et al., , 2006 . In response to changing water levels, many species of higher plants have developed an amphibious existence (Robe and Griffiths, 1998) . Previous works on the adaptation of aquatic plants to water level fluctuations focused mainly on how plants adapt to submersed growth, including morphological and anatomical changes in leaf, root, and shoot (Navas and Garnier, 2002; Lynn and Waldren, 2003; Mommer et al., 2005) , life history adaptations (Blom et al., 1994) , shortterm metabolic adaptations (Pedersen and Sand-Jensen, 1997) , and hormonal regulation of adaptive responses (Voesenek et al., 1993) . However, only few studies have been carried out on adaptations that allow floating-leaved plants to withstand sudden emersion.
Floating-leaved plants show higher plasticity in life form depending on the developmental stages and/or environmental conditions (Tsuchiya, 1988) . Some may even develop into small, terrestrial plants on temporarily dried sediments (Tsuchiya, 1991) . For floating plant species, the transition from aquatic to terrestrial environments generally involves adjusting to extremely different conditions (Robe and Griffiths, 1998) . Floating-leaved plants would more likely develop numerous adaptation strategies in order to cope with the temporal terrestrial habitat.
Nymphoides peltata, a typical floating-leaved aquatic plant, is native to Eurasia and is widely distributed in temperate regions of the Northern Hemisphere. In China, N. peltata grows in small to medium lakes distributed across the Yangtze River Basin, particularly in the transitional areas from the sub-littoral zone to the open waters. Depending on the slope and depth to base flow, N. peltata may be exposed to continuous flooding, periodic flooding, and periodic drought. It also can grow in damp marshes. However, in response to temporal terrestrial habitats, N. peltata shows longer leaf longevity and smaller specific leaf areas (Tsuchiya, 1988) . Aside from the altered leaf longevity and specific leaf area, N. peltata might develop numerous adaptation forms and features that interact with each other to help the plant cope with the temporal terrestrial habitats. Hence, a straightforward experimental approach was employed to study the responses of N. peltata to temporal terrestrial habitats by comparing morphological and anatomical traits of N. peltata under the aquatic and terrestrial growth conditions. The aim of this study is to elucidate whether the species exhibit high flexibility with sets of characters functioning in concert to confer adaptation to particular conditions.
Materials and methods

Culture of plants
The study was conducted at the State Field Station of the Freshwater Ecosystems of Liangzi Lake (30x18kN, 114x26kE). Twelve short shoots (root stocks) of uniform size (6.5-7.7 g) without the leaves but with roots intact were collected from the different sites of Liangzi Lake. The shoots were then transplanted on March 9, 2006 and placed in six 0.5 m 3 (1.0 mr 0.5 m r 1.0 m) plastic containers filled with quartz and sandy soil (about 10 cm). Six plants were used in each of the two treatments (i.e., two plants per container), and each treatment was replicated in three blocks. The water depths of the terrestrial and aquatic treatments were 0 cm (soil saturated with water) and 50 cm (above soil level), respectively. The duration of this experiment was 140 d. During the experiment, lake water was added to every plastic container if need to maintain water level and soil saturation.
Harvest and measurement
After plant culture in aquatic and terrestrial habitats for 60 d, leaf life span was determined by marking five newly emerged leaves for each clone with vinyl tape tied loosely around the petiole. The leaves were observed daily until more than half of the lamina area was yellowed or has disappeared (Tsuchiya, 1988) . None of the marked leaves was eaten by insects during the investigation.
The final harvest took place on July 29, 2006. During final harvest, the number of ramets and branches were counted for each clone. Then, the plants were transported to the laboratory and divided into leaves, petioles, stolons, short shoots, fine roots (<2 mm in diameter), coarse roots (>2 mm in diameter), flowers and fruits. All the parts were gently washed, blotted dry, and weighed. Next, fresh weight was recorded. At the same time, the leaf area was measured for presence of fresh leaves using an LI-3100 leaf-area meter (LiCor, Lincoln, NE, USA). All of the leaves for each clone were measured. Likewise, the lengths of the fine and coarse roots were measured to the nearest millimeter. Moreover, three fresh leaves, petioles, and coarse roots of each clone were selected randomly for lacunal volume measurements; there were fixed at 4 xC for 48 h with a solution containing 1.85% (v/v) formaldehyde, 5% (v/v) acetic acid, and 63% (v/v) ethanol. The fixed tissues were sequentially dehydrated with butanol, embedded in paraffin, sliced into 10 mm sections, stretched onto slides coated with Vectabond Reagent, deparaffininzed with xylene and ethanol, rinsed, and stained with 0.05% (w/v) Toluidine blue O, as described previously by Hayakawa et al. (1994) . Thin transverse sections of leaf, petiole, and coarse root materials were viewed and photographed under a Leica 1 DMRB microscope. Lacunal volume, measured as a percentage of leaf, petiole, and root volume, was estimated from the surface areas by stereology (Steer, 1981) , with a 5 or 10 mm point/line lattice applied to enlarged photographs of magnified sections (Robe and Griffiths, 1998) . In measuring leaf thickness (LT), five mature, healthy, fully exposed leaves were selected randomly from each clone. Each leaf was cut into eight pieces, and these pieces were piled up. Then, LT was obtained by measuring the pile with a vernier caliper. Finally, leaves, petiole, stolons, short shoots, fine roots, coarse roots, flowers and fruits were dried to constant weight at 80 xC for 72 h and reweighed to determine dry weight (d. wt.) using an analytical balance.
Also, five randomly selected, mature, healthy, fully exposed laminas were selected from each clone to determine the specific leaf area (SLA) according to measured leaf dry weight and area. The specific leaf area was expressed in mm 2 lamina area.mg x1 d. wt. Likewise, the specific root length (SRL) was determined according to measured root dry weight and lengths. The specific root length was expressed in cm root length.mg x1 d. wt.
Data analysis
The mean and standard deviation values were calculated for each treatment. All parameters were analyzed using one-way ANOVA between two treatment groups using the SPSS statistical package (version 17.0, SPSS, Chicago, IL, USA). Independent-sample T-test was applied to estimate the difference between the two treatments.
Results
Total biomass, biomass allocation and root-shoot ratio were significantly affected by the experimental treatments (Table 1 ). The total biomass of aquatically grown N. peltata was almost eight times more than that of terrestrially grown N. peltata. For biomass allocation, N. peltata grown under the terrestrial environment generally allocated more biomass to below-ground parts (59.4% of total biomass) compared with the aboveground. Root biomass accounted for an average of 54.5% of total biomass, while leaf, petiole and stolon biomasses accounted for averages of 20.7%, 15.8% and 5.1%, respectively. In contrast, more biomass was partitioned to above-ground tissue (77.8% of total biomass) in the aquatic habitat, especially for petioles and stolons. Root biomass of N. peltata grown under the aquatic condition only accounted for an average of 20.3% of the total biomass, while petiole and stolon biomasses accounted for averages of 28.9% and 19.5%, respectively. Moreover, the fine root allocation ratio under the terrestrial condition was about twice as high as that in the aquatic habitat (Table 1 ). The root-shoot ratio of N. peltata grown in the terrestrial habitat was five times high as those grown under aquatic conditions (Table 1) .
During the experiment, N. peltata grew successfully under both aquatic and terrestrial conditions. The appearances of N. peltata grown aquatically and terrestrially are shown in Figure 1 . Although no significant difference in branch number was observed between the two treatments, they significantly affected plant height and number of ramets (P < 0.001) ( Table 2 ). The height and number of ramets in N. peltata growing under aquatic conditions were 72% and 71% higher than their counterparts in the terrestrial habitat, respectively ( Table 2) .
The difference in aquatic or terrestrial conditions greatly influences the morphology of fully expanded leaves and root characteristics. In this study, the leaf area and thickness of floating leaves were considerably higher Table 1 . Results of independent sample T test on total biomass and biomass allocation ratio (dry weight %) of different organs per clone of N. peltata grown under aquatic and terrestrial conditions (mean ¡ SD, n = 6). 0.27 ¡ 0.06 1.41 ¡ 0.14 *** *P < 0.05, **P < 0.01, ***P < 0.001. Fig. 1 . N. peltata grown under the aquatic and terrestrial conditions. Z. Li et al.: Ann. Limnol. -Int. J. Lim. 47 (2011) 97-102 than those of emerged leaves (Table 2) . And, specific coarse root length and specific fine root length in the terrestrial habitat were significantly lower compared with those in the aquatic habitat (P < 0.001 and P < 0.1, respectively) (Table 2) . Moreover, the life span of the terrestrial leaves was significantly (P < 0.001) longer than that of the aquatic leaves. The mean life span and standard deviation was 20.3¡ 2.4 and 44.6¡ 7.4 days for the aquatic and terrestrial leaves, respectively (Table 2) . However, no significant difference in specific leaf area existed between the two treatments (P = 0.12, Table 2 ). The lacunal volume of leaves, petioles, and coarse roots was significantly affected by the experimental treatments at P< 0.01, P < 0.001, P < 0.001, respectively (Figs. 2 and 3) . The transverse sections of leaves, petioles, and coarse roots of aquatic-grown N. peltata exhibited well-developed Table 2 . Results of independent sample T test on the morphological characteristics of N. peltata grown in aquatic and terrestrial habitats (mean ¡ SD, n = 6). 22763 ¡ 6239 14633 ¡ 5985 * ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. lacunal system typical of this species, with gas channels occupying about 21%, 39% and 17% of the total leaf, petiole, and coarse root volume, respectively. In contrast, the terrestrial leaf, petiole and coarse root contained a lacunal volume covering only about 15%, 17% and 3% of its total volume, respectively.
Discussion
Biomass allocation is closely linked to the survival strategies of plants (Xie et al., 2005) . N. peltata species growing in terrestrial habitats allocate more biomass to below-ground parts, possibly because N. peltata can adjust its biomass allocation pattern in order to minimize imbalance in water shortage due to terrestrial conditions. Presumably, there may be a trade-off between root biomass allocation to coarse root and fine root. N. peltata growing in terrestrial habitats allocates more biomass to fine root parts. Generally, coarse roots are considered the frame of whole root systems while fine roots are recognized as closely related to nutrient and water acquisition (Jackson et al., 1997) . Thus, a trade-off between root biomass allocation to coarse root and fine root might be related to the differences in function and biomass cost between coarse and fine roots (He et al., 2004) .
The correlation of leaf life span to resource availability have been documented by many studies (e.g., Center and Van 1989; Oikawa et al., 2006) . Similar to a previous work (Tsuchiya, 1988) , this study has revealed that N. peltata grown in a terrestrial environment can significantly prolong its leaf life span and can decrease leaf area to adapt to terrestrial conditions. One explanation is that the leaf life span is related to the balance between costs and benefits associated with leaf construction and maintenance (Kikuzawa, 1991) . Another explanation would be that leaf life span does not present clearly adaptive traits; that is, leaves decay more easily if surrounded by water (i.e., a strong indication that leaves on land is the better approach to maintain life span). Similarly, a smaller leaf area may be an effective adaptive mechanism to the terrestrial habitat, possibly because a smaller leaf area can result in decreasing water loss by transpiration (Oikawa et al., 2006) . Therefore, the production of smaller, longer-lived leaves in lower-quality environments may be a more adaptive approach to increase resource use efficiency in response to stress (Chapin et al., 1993; Kikuzawa, 1991; Moriuchi and Winn, 2005) . The present study also suggests that terrestrially grown plants have thinner lamina than aquatically grown plants. A possible explanation for this is that the thinner emerged leaves also have shortened diffusion pathways within it and thus result in increased gas exchanges (Mommer et al., 2005 ). An analogous type of morphogenetic plasticity could occur in root systems. N. peltata have different specific root lengths, indicating that they have different strategies for growth and survival in contrasting habitats. In aquatic habitats, high SRL can maximize root surface area and root growth, thus enabling rapid exploitation of resources; this approach is crucial for fast growth and completion of short life cycle (Roumet et al., 2006) . In contrast, in terrestrial habitats, the diversion of resources to fine roots and high-density tissues may be more appropriate to enhance survival; therefore, this special modification may be considered as an adaptive against relative waterdeficiency.
Another interesting result in the present study is the relatively low lacunal volume of leaves, petioles and roots of N. peltata in the terrestrial environment. As a potentially important morphological modification, lacunal volume for gas transport could present functional difference between divergent growth forms of N. peltata. Aerenchyma might also be related to mechanical support. Possibly, terrestrial growth forms require relatively more petiole area (i.e., relatively less aerenchyma volume of petiole) for mechanical support due to lack of water buoyancy. Therefore, these special modifications in lacunal system might be considered as another adaptive approach against relative water-deficiency.
The specific differences in these important species in terms of survival and growth under two water level conditions imposed in this experiment suggest that the floating-leaved macrophyte is a species with a wide ecological niche (i.e., fundamental niche). Differences in biomass allocation, as well as morphological and anatomical traits, indicate high potential for species niche differentiation under the two different levels of water supply. This suggests further that N. peltata grown in terrestrial habitats can develop many strategies on morphological and anatomical traits in order to adapt to stressful environments. These results also support the hypothesis that N. peltata exhibits high phenotypic Fig. 3 . Results of independent sample T test on lacunal volume as a percentage of total volume estimated from transverse section photographs of leaf, petiole, and coarse root using stereology (mean ¡ SD, n = 18). (**P < 0.01, ***P < 0.001.) flexibility and therefore possess broad tolerance to water (i.e., wide ecological amplitude).
